To test the effectiveness of the Q-compensated reverse time migration (Q-RTM) method, we applied it to crosswell seismic data from western Texas. This crosswell field survey was aimed at determining the boundaries and even the internal features of the reservoir. In this area, the reservoir geologic body exhibits strong attenuation that reduces high frequencies more rapidly. Thus, conventional acoustic RTM produces a dimmed image (reduced amplitude and low resolution) of the reservoir area and structures underneath. In contrast, Q-RTM is able to compensate for the attenuation effects during imaging. The V P and Q P profiles needed for Q-RTM were produced by joint traveltime and frequency shift tomography. Preprocessing of the data was carried out to reduce noise, remove tube waves, and to separate up-and downgoing wavefields. Along with recovered high wavenumbers, the final Q-RTM image provided many details about geologic layers and structures. The lateral and vertical extent and internal structures within the reservoir unit were clearly determined. These geologic features were also correlated to the velocity profile and sonic logs. We concluded that Q-RTM imaging practically improved the image resolution in attenuating geologic media.
INTRODUCTION
A crosswell survey was acquired to gain a greater understanding of a reservoir in the Midland Basin portion of the Permian Basin of west Texas. The primary objectives of the crosswell survey were to map the lateral and vertical extent and the internal structure of the reservoir between wells and thus provide reservoir characterization to refine a subsequent drilling program. For those purposes, crosswell reflection imaging has always been used to provide highresolution structural information of the reservoir (e.g., Langan et al, 1997; Lazaratos and Marion, 1997; Yu et al., 2008) . Our previous tomography study (Zhu, 2014a) showed seismic attenuation in the reservoir unit to be quite strong, so that reflections through the reservoir unit have been significantly attenuated; i.e., high frequencies were rapidly diminished. Thus, only weak reflected energy in the seismic wavefield can be interpreted. For this reason, the conventional seismic imaging approach faces some challenges to produce a high-resolution image of such a high-attenuation area.
In a previous work , we introduce a novel seismic imaging method (referred to as Q-compensated reverse time migration [Q-RTM] ) to compensate for attenuation effects during seismic imaging. The Q-RTM approach works by mitigating the amplitude loss and phase dispersion effects in source and receiver wavefields. The key for complete attenuation compensation is to recover high wavenumbers during propagation of the source and receiver wavefields. To suppress the amplification of noise, we design a low-pass filter for attenuation and dispersion operators. The Q-RTM approach has been successfully tested on simple and complex synthetic models .
In this paper, we provide a case study with the crosswell field data to demonstrate the practical capability of the Q-RTM method. We aim to image the internal structure and boundaries of the reservoir as well as the structure below. To implement Q-RTM on the field data, we require V P and Q P profiles. These were produced by joint traveltime and frequency shift tomography. Preprocessing of the data was carried out to reduce noise, remove tube waves, and separate upand downgoing reflected wavefields. The reflection image by conventional RTM revealed some geologic structures; however, much of the fine detail was missing due to strong attenuation in the reser-voir area. In contrast, the reflection image produced by Q-RTM yields a much higher resolution image of these geologic features and is more consistent with the velocity profile and the sonic log.
This paper begins with a review of the theory of the Q-RTM method. In the following sections, we describe the geologic background of the King Mountain field site, seismic data acquisition and processing, and the V P and Q P models used for migration. Images obtained from RTM and Q-RTM are compared to demonstrate how Q-RTM with attenuation compensation improves detailed structure information, especially for the reservoir. Preliminary interpretation is provided about the lateral and vertical extent and the internal structure of reservoir zone for the King Mountain field site.
METHODOLOGY: Q-RTM
Similar to conventional RTM, the Q-RTM algorithm also consists of three main steps: (1) forward propagation of the source wavefield, (2) backward propagation of the receiver wavefield, and (3) application of the imaging condition. The difference with respect to RTM is that wavefield extrapolation in Q-RTM is conducted by solving the viscoacoustic wave equation :
with two fractional Laplacian operators L ¼ ð−∇ 2 Þ γþ1 and cosðπγÞ. The parameter γ ¼ 1∕π arctanð1∕QÞ is dimensionless, and 0 < γ < 0.5 for any positive Q. Note that the first term in the right side corresponds to the dispersiveless propagation operator, and the second and third terms approximate the phase dispersion operator and the loss operator (Zhu, 2014b; , respectively. To compensate for attenuation effects during forward and backward wavefield extrapolation, the sign of the third term is reversed:
During compensation in the wave propagation, a low-pass filter is needed to suppress the growth of noise. After forward and backward propagation, we apply the crosscorrelation imaging condition for compensated source and receiver wavefields to obtain the image.
To solve the wave equation in inhomogeneous media, we use the staggered-grid finite-difference approach to discretize the time derivatives and the staggered-grid pseudospectral approach to discretize the first-order spatial derivatives. The fractional Laplacian operators are solved by the fractional Fourier pseudospectral method as shown by . More technical details are described in a previous paper .
BACKGROUND AND DATA PROCESSING

Site background
The King Mountain field site is located in the eastern edge of the Central Basin platform in west Texas. Petroleum is produced in the Ellenburger (Turmelle, 1993) . The 3D surface seismic data were collected in the Midland Basin portion of the Permian Basin. The carbonate-rich reservoir is revealed by subtle amplitude and traveltime anomalies in the 3D reflection image. To further evaluate and develop the reservoir (a horizontal step-out well may be drilled), it is desirable to know the lateral and vertical extents of this carbonate mound between existing wells. The crosswell seismic survey was designed to address these questions. Two closely spaced wells are available for this study. The well that penetrated the pay zone (identified by well tests and as seen on well logs) encountered a massive limestone unit. The other well, approximately 200 m (640 ft) away, which missed the pay-zone anomaly, encountered siliciclastic-rich carbonates at the same depth (Langan et al., 1997) . This is shown diagrammatically in Figure 1 .
The crosswell seismic data acquisition was carried out in the early 1990s using a piezoelectric cylindrical bender source and hydrophone receivers approximately over a 300-m (1000-ft) depth range. Around 201 downhole seismic source positions, spaced at approximately 1.5 m (5 ft) intervals and 203 receiver positions also spaced 1.5 m (5 ft) apart were occupied at depths between approximately 2496 and 2804 m (8190 and 9200 ft). This resulted in a raw data set with about 40,000 traces. The input source frequency was from 250 to 1250 Hz. See Harris et al. (1995) for details on the acquisition system and the techniques used.
Data Processing
The data quality is generally good, allowing clear observation and identification of some wave modes of interest (e.g., direct Pwave arrivals), although P-to-P (PP) reflections are mostly obscured due to the complexity of coherent source-generated noise. A representative shot gather from the survey is shown in Figure 2a . The data records are also contaminated by high-amplitude tube waves. Note that the reflections after 45 ms are stretched possibly due to dispersion and strong attenuation. To enhance the PP-wave reflections, several independent data processing steps were performed. The main data processing steps are summarized in Table 1 .
The analysis was carried out primarily with common-shot gathers, an example of which is shown in Figure 2a . The first step in the Figure 1 . Schematic diagram showing the structure of the King Mountain field site. The extent of the carbonate reservoir is needed to determine from the present study (modified after Langan et al. [1997] ). data processing was to pick the traveltimes of the direct P-wave arrivals. We used TomoXPro software for picking. The traveltime picks were subsequently checked for consistency by equivalent presentation of the data in common-shot and common-mid-depth gathers. Further, the data were band-pass filtered with an Ormsby filter using corner frequencies (100-200-1200-1400 Hz). We then sorted the data into common-offset gathers. The following step in the data processing was to flatten the first arrivals to a common traveltime. We performed a nine-trace median mix of the data, subtracted the mixed data from the premixed aligned data, and removed the first arrivals and any energy that paralleled the first arrivals with a median trace subtraction filter. We then unflattened the traces and sorted this processed data volume into the common-shot gather. The next step was to suppress tube waves, coherent and partially coherent identified in common-shot gathers, using a reject filter. The final stage was the wavefield separation process that decomposed the deconvolved reflections into upgoing and downgoing events. We applied an f-k filter to retain only the upgoing or downgoing portion of the reflected energy. Figure 2b shows the upgoing reflection components after applying the above processing and the up or down f-k filter. Comparing Figure 2b with Figure 2a , it is apparent that it is much easier to identify PP-wave reflections after applying this wavefield separation processing, especially as can be seen near a source depth of approximately 2562 m (8405 ft). The weak S-wave directed and reflected energy was also muted after S-wave direct arrivals.
In the wavefield processing, we found that the downgoing reflections data from the reservoir depths is limited. This may be partially due to high attenuation in the lower part of the model (see Figure 3b) . In contrast, the strong upgoing reflections observed in the data (Figure 2b ) suggest us that the upgoing wavefield is expected to show a better image of the reservoir. Therefore, below, the images are obtained by migrating the upgoing reflection data.
The V P and Q P models Next, we use seismic tomography to estimate the spatial variations in seismic velocity and attenuation between the two boreholes. We do this with a 2D seismic tomographic algorithm using the direct P-wave arrivals (traveltime and centroid frequency of the waveform). The inversion method uses a finite-difference approximation to the eikonal equation to compute the first arrival traveltimes between the sources and receivers (Zhu and Harris, 2015) , with regularization for conditioning. We impose flatness constraints on the horizontal direction. This flatness constraint is consistent with the layering that we expect in this sedimentary environment, although it may not be fully consistent with the geologic stratigraphy. We adopted the centroid-frequency shift (Quan and Harris, 1997) to set up Q p inversion. To improve the Q p inversion, we chose a joint constrained inversion framework that incorporates traveltime and frequency shift data iteratively with a structural constraint to invert V P and Q P (see Zhu [2014a] for more details). Because the V P model is fairly good, we put a large weight on the structural constraint in the objective function of Q P inversion. In each iterative step, therefore, the V P model will not be influenced much by Q P . Note that Q P inversion uses the raypath matrix information from velocity calculation.
The velocity (V P ) and attenuation (Q P ) models are shown in Figure 3 . The sonic logs are plotted in red, and the velocity tomograms at the well location are plotted in blue. The anomaly can be seen at depths of approximately 2650-2740 m (8700-8900 ft) in the right-side well. The velocity model delineates an oval-shaped lowvelocity zone extending from the right well to about the midpoint between the wells. This low-velocity zone indicates the carbonate reservoir (Zhu and Harris, 2015) . There exists a discrepancy between the inverted velocities and the sonic log because ray-based tomography usually underestimates low velocity. On the other hand, attenuation is relatively strong in the reservoir area (with Q P ∼25). As a result, the reflections passing through this section have been greatly attenuated, which brings difficulties for the conventional seismic Table 1 . Upgoing reflections appear and are enhanced, whereas the tube waves are mostly eliminated. Tube wave suppression by f-k filter 7
Up-and downgoing wavefield separation by f-k filter 8 FX deconvolution 9
Automatic gain control 50-ms window Improved image of the reservoir zone by Q-RTM B63 imaging approaches to obtain a high-resolution image. On the other hand, this provides an opportunity to test whether the Q-RTM can overcome this strong attenuation problem to produce a high-resolution seismic image of such a geologic area.
IMAGES BY SEISMIC MIGRATION
For comparison, we show the imaging results from two migrations: acoustic RTM and Q-compensated acoustic RTM. To implement Q-RTM, we chose a low-pass Tukey filter to suppress the possible amplification of high-frequency noise during attenuation compensation. To estimate a suitable cutoff frequency for the filter, we examined the power spectrum of the measured data and identified a value based on the noise level of the spectrum of the observed data in Figure 4 . A cutoff frequency of 1400 Hz with a taper of 0.4 was chosen to regularize the increase in amplitude. In general, the higher the cutoff frequency, the higher the wavenumber spectrum appearing in the image. Meanwhile, we caution that a higher cutoff frequency may amplify unwanted noise.
The velocity and Q models used for migrations are shown in Figure 3 . The bulk density is computed by Gardner's formula. The size of the computational model is a 296 × 412 grid, with grid spacing of dx ¼ dz ¼ 0.76 m (2.5 ft). To propagate the forward source wavefield, we choose a Ricker wavelet with a center frequency of 800 Hz as a source. The time step is 0.025 ms. The velocity model and Q model are first smoothed and then input for RTM. Absorbing boundaries are included at the edges of the model to reduce edge reflections for the forward and backward propagation. Figure 5a shows the image obtained by acoustic RTM. The synthetic seismograms shown in the two sides are calculated by convolving a zero-phase Ricker wavelet (the center frequency is 800 Hz) with the calculated reflectivity from the sonic log and the synthetic bulk density log computed using Gardner's relation. This image exhibits high resolution in comparison to, say, surface seismic data, but it provides limited stratigraphic information (e.g., the reflectors between depths approximately 2560 and 2652 m [8400 and 8700 ft]) mainly due to reduced illumination amplitudes caused by attenuation. Within the reservoir area between approximately 2652 and 2743 m (8700 and 9000 ft), we can see a low-amplitude and low-resolution feature of the pay-zone boundaries. The reason is that the reflections passing through this reservoir area have been greatly attenuated, especially at high frequencies. Figure 5b shows the image obtained by the Q-RTM. The most striking differences between the two images are the detailed fine structures that are present in Figure 5b but absent in Figure 5a , especially inside the reservoir area and below. Within the main pay zone, several fine structures can be seen in the magnified image in Figure 6b because the high wavenumbers are recovered by Q-RTM. These strong reflections are better correlated with synthetic seismograms between depths of approximately 2652 and 2743 m (8700 and 9000 ft) than are those in Figure 6a . These are not observed in the left well. The location of the reservoir can be reasonably well inferred from the discontinuous reflectors in the middle section between depths of approximately 2652 and 2743 m (8700 and 9000 ft). The transition from the left-dipping structure to flat appears to indicate the reservoir boundary (Figures 5b and 6b) . At the top of the reservoir (above approximately 2660 m [8700 ft]), several enhanced reflections (black arrows) appear more laterally continuous across from well to well. It is also encouraging that some detailed reflectors inside the strong reflectors are recovered by Q-RTM (Figure 5b ), but they are not seen in conventional RTM (Figure 5a ). The deeper structures underneath the reservoir body between depths of approximately 2743 and 2774 m (9000 and 9100 ft) are discontinuous, dipping, and truncated by the bottom layer. In addition, a few reflectors in the left side between depths of approximately 2713 and 2804 m (8900 and 9200 ft) are evident on the images (see the arrows).
We also calculate the wavenumber spectra of two images in Figure 5 using a 2D Fourier transform. The wavenumber spectra of the two images are shown in Figure 7a and 7b. They are shown in logarithm of spectra (20 × logðspectraÞ). Figure 7b has more high wavenumbers than does Figure 7a , thus illustrating how Q-RTM appears to yield a significantly higher resolution image of the reservoir area than does conventional RTM.
Comparison with V P , Q P , and sonic logs Having obtained the migration images shown in Figure 5 , we now evaluate this result in terms of velocity and Q P models as well as the sonic log. Figures 8 and 9 display the Q-RTM reflection 
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Figure 3. The (a) V P (in kft∕s) and (b) Q P models estimated by joint constrained tomography are shown. In the side panel of (a), the velocities at the well location (blue) are compared with the P-wave velocity logs (red). Zhu and Harris image overlaid on the final Q P and V P models, respectively. Because attenuation is strong (the red color in Figure 8 ) in the pay zone, the reflections are fairly compensated inside and below this zone. Remarkably, the image with attenuation compensation is more consistent with the velocity model than the image without compensation. The oil/water contact, at a depth of approximately 2673 m (8771 ft) (Turmelle, 1993) , is also roughly suggested by a strong reflection in the Q-RTM reflection image (marked by the top arrow in Figure 9 ). The reservoir extends laterally to the midpoint, which is also clearly indicated by the velocity variation, in which the velocity increases from right to left at depths of approximately 2652-2743 m (8700-9000 ft). Above the reservoir, the strong reflections revealed in the Q-RTM image correspond with homogeneous velocity layers between depths of approximately 2585 and 2646 m (8480 and 8680 ft) indicated by the yellow colored zone. Just below the reservoir zone on the right side, the high-velocity zone matches the deltaic dipping structures, which are associated with a mix of siliciclastic and carbonate facies rocks (Langan et al., 1997) . This dipping feature is easily identified in the reflection image (Figure 9 ). The reflector indicated by the bottom arrow R1 corresponds to the top of a low-velocity and low-attenuation layer that is consistent with the sonic logs.
Other observations in Figure 9 are that the lower velocity zones correspond to shorter wavelengths. The vertical resolution of the reflection image is clearly high in the corresponding lower velocity areas. In contrast, the reflectors (especially between approximately 2590-2743 m (8500 and 8700 ft) are spread out (relatively lower resolution) in the high-velocity areas.
DISCUSSION
The benefit achieved by the wave equation process of Q-RTM is to compensate for the amplitude loss and velocity dispersion caused by attenuation varying in space. Thus, attenuation compensation is effective in balancing amplitudes for signals that have traversed paths of significantly different lengths as well as for paths that have experienced significantly different amounts of amplitude loss due to spatial varying rates of attenuation. Tests with field data indicate that compensation for attenuation effects improves the image resolution in high attenuation reservoir areas where low Q leads to reduced amplitudes, and also improves continuity in areas where attenuation is less evident.
One of our hopes for Q-RTM imaging is that improving the image resolution will give us a better understanding of the reservoir structure and dynamics. Although it is applied here to crosswell seismic data, we hope to be able to apply it to other data sets, such as 3D surface seismic data sets, which suffer from strong attenuation effects.
To compensate for attenuation in RTM imaging, it is necessary to estimate the attenuation map from the data set. Note that Q tomography from frequency-shift data (Quan and Harris, 1997) , prestack data (Fletcher et al., 2012) , and migrated data (Xin and Huang, 2009; Shen et al., 2014) has proven to be useful in estimating the spatially varying attenuation map. On the other hand, the measurement of attenuation from seismic field data usually represents apparent attenuation including intrinsic and scattering attenuation. Based on the constant-Q attenuation theory, the viscoacoustic wave equation is able to model intrinsic attenuation effects on wave propagation. Meanwhile, scattering attenuation effects related to heterogeneity can also be automatically simulated during wave propagation. Therefore, Q-RTM can capture intrinsic and scattering attenuation effects and compensate for them, that is, if a good estimate of Q can be found for use by the Q-RTM algorithm. 
CONCLUSIONS
We have presented an application of Q-RTM to crosswell seismic field data from west Texas. We found that the Q-RTM imaging approach provides an improved reflection image with many high-resolution details about geologic layers and structures. A key feature of Q-RTM algorithm is the restoration of the high frequencies (in amplitude and phase) in the wavefield, thus resulting in an improved stack of source gathers. More importantly, the lateral and vertical extent and the internal features of the reservoir pay zone can be clearly determined in the Q-RTM image. The lateral and vertical extents are well correlated with the velocity tomogram and sonic logs. In addition, the Q-RTM image provides structure information between wells, which complements the velocity tomogram and the
